ABSTRACT Population structure dictates the evolution of each population, and thus, the species as a whole. Incorporating spatial variables with population genetic statistics allows for greater discovery beyond traditional population genetics alone and can inform management decisions. The understanding of population structure in Hessian ßy, Mayetiola destructor (Say), a pest of wheat, has been limited in the past. We scored 14 microsatellite loci from 12 collections of Hessian ßy in the southeastern United States. Through Bayesian clustering analysis, we found two major populations of Hessian ßy covering the entire southeastern United States. We evaluated correlations between agriculturally signiÞcant spatial variables and population genetic differentiation to test if genetic structure has an ecological component in a wheat agro-ecosystem. Our results suggest the total amount of alternative host plants in the county may be driving some genetic differentiation. Although planting date may also be inßuential, geographic distance, mean annual temperature, and harvested wheat for grain do not seem to be contributing factors. The ecological or spatial component to population structure, however, may be minimal compared to factors such as genetic drift.
Understanding the effect of landscape characteristics on population structure is crucial in understanding population structure, gene ßow, and local adaptation (Manel et al. 2003 , Guillot et al. 2005a . Improved methods to combine landscape ecology with population genetics allow a deeper understanding of population structure and spatial variation. (Manel et al. 2003; Holderegger and Wagner 2006; Storfer et al. 2007 ). These methods have become commonplace in the study of taxa that are of concern from a conservation perspective (Piertney et al. 1998 , Keyghobadi et al. 1999 , Spear et al. 2005 , Vignieri 2005 , Latch et al. 2008 . Factors such as selection, founder effects, limited migration, and heavy human manipulation directly impact the conservation of any number of organisms, but also act on so-called pest organisms that are the focus of control. Understanding both the population structure of an organism and the factors inßuencing population structure is essential in deciphering the evolution of each population and the species as a whole (Slatkin 1987) . Such an understanding has been limited with respect to the Hessian ßy.
An Old World insect, the Hessian ßy, Mayetiola destructor (Say), has been a major pest of wheat since it was discovered in the United States in 1779 Hatchett 1997, Pauly 2002) . Historically, the introduction of Hessian ßy into the United States has been hypothesized to be a single event, which occurred after the arrival of Hessian mercenaries during the Revolutionary War. The Þrst Þelds reported as infested by Hessian ßy were in Long Island, NY. Hessian ßy subsequently spread south and west, likely after the establishment of the American colonies (Fitch 1847 , Packard 1880 . If more than one introduction event has occurred, either from different source locations or different time points from the same source location, then it may be possible to detect genetic differentiation between populations in North America.
In areas where Hessian ßy levels cause signiÞcant damage to wheat Þelds, such as in the southern United States, farmers plant resistant varieties of wheat as a method of control (Gallun 1977 ). This method can only be used proactively, i.e., before the adult ßies are ready to infest the wheat, because larvae feeding within the crown tissue of their host plant are difÞcult to detect and will not leave the host plant until they are adults. Resistant varieties of wheat are effective against Hessian ßy attack because of the gene-for-gene interaction between the Hessian ßy and its wheat host (Hatchett and Gallun 1970 , Gallun 1978 , Formusoh et al. 1996 ; see Bent and Mackey 2007 for a review of the gene-for-gene interaction); however, planting wheat that is resistant to Hessian ßy selects ßies that are homozygous for recessive virulent alleles (Gallun 1977) . Obviation, the survival of some heterozygous larvae infesting the same plant as the homozygous virulent larvae, limits the full extent to which selection pressures act on a particular locus (El Bouhssini et al. 2001) . In addition, the degree of resistance or virulence for some varieties of wheat or ßy, respectively, has been observed to be dependent on temperature (Cartwright et al. 1946; Ratanatham and Gallun 1986 ). Populations of Hessian ßy generally contain a mixture of virulence phenotypes, suggesting virulence, or biotype, alone is not representative of population structure (Black et al. 1990 , Ratcliffe et al. 2000 ).
An alternative to planting resistant varieties of wheat is the cultural control practice of "ßy-free" dates or delaying planting until adult ßies presumably have died. This practice was advocated as early as 1799 by J. Cooper (McColloch 1923) and was an important management practice for Hessian ßy before resistant varieties of wheat were available (Walton and Packard 1930) . Fly-free dates are of limited use in wheatgrowing regions in the south, where the winter weather is much milder ). Furthermore, because of the longer growing period of these warmer southern regions, Hessian ßy may have up to six generations, or broods, per year, as opposed to one or two broods in the Northern climate (Buntin and Chapin 1990) , which increases the opportunity for selection and divergence of populations. Despite the presence of Hessian ßy in these southern regions, many farmers will risk severe Hessian ßy infestations and plant wheat early as a forage crop for cattle, in addition to a grain crop (Hossain et al. 2003) . Both planting date and a difference in generational time have the potential to inßuence population structure by temporally separating and thus isolating populations.
Local adaptation of Hessian ßy also could be related to the availability of alternative hosts. Although the Hessian ßy is a pest of wheat, it can infest a number of other grasses, both cultivated and wild, from the tribes Triticeae and Bromeae (Jones 1936 (Jones , 1939 Zeiss et al. 1993; Harris et al. 1996) . We have seen Hessian ßy infest another alternative grass species from a different tribe in our laboratory with little to no impact on ßy survival (B. J. Schemerhorn, unpublished data). The variety and abundance of suitable alternative grass host species in an area would be dependent, not only on geography, but also on the lowest temperature reached in that area annually, commonly known as hardiness zone (Cathey 1990 ). These alternative host plants could further complicate our limited understanding of gene ßow between populations and population structure in Hessian ßy.
Investigations of the genetic interactions of Hessian ßy populations have received little attention relative to focus on the dealings between Hessian ßy and wheat. Most recently Johnson et al. (2004) evaluated 12S haplotypes of Hessian ßy populations from North America, Old World, and New Zealand. They found that within North America, only three of seven haplotypes are present, whereas all seven haplotypes are found in the Old World. Of their southeastern collections, haplotype 1 is exclusive or dominant everywhere except in North Carolina, whereas both haplotypes 2 and 3 are dominant. Previously, Black et al. (1990) had found a great deal of genetic differentiation between populations based on allozyme variation and suggested restricted local gene ßow.
Local adaptation resulting from geographic isolation, selective pressures of wheat-resistant genes, or delayed planting dates are possible variables that might contribute to differences in how genomes are distributed across space. Population isolation could be further compounded by Hessian ßy biology, which includes a short adult life span, limited dispersal, and rapid mating and oviposition (Harris and Foster 1991 , Harris and Rose 1991 , Harris et al. 2003 . Although not all loci will necessarily show signs of local adaptation, population level correlations between genetic frequencies and ecologically important factors can be expected (Margraf et al. 2007 , Dionne et al. 2008 . The focus of this work is not to identify a single locally adapted locus, but to assess if genetically distinct populations are also ecologically or spatially distinct, using relevant variables in the wheat agro-ecosystem. In the current study, our aim is to identify the level of population genetic structure in Hessian ßy and to test if this population structure has an ecological or spatial component, based on the correlation between genetic differentiation and inßuential agricultural variables in a wheat agro-ecosystem.
Materials and Methods
Sample Collections. Hessian ßy adults and pupae were collected by growers and extension agents from twelve Þelds across nine southeastern states (Fig. 1 DNA Isolation and Genotyping. DNA was isolated from either adults or pupae and eluted in 100 l of elution buffer (DNeasy Tissue Kit, Qiagen Inc., Valencia, CA). The eluted DNA samples were divided into two stocks and stored at Ϫ20ЊC and Ϫ80ЊC for short-and long-term storage, respectively. Fourteen polymorphic microsatellite loci of varying di-, tri-, and one tetra-nucleotide motifs were selected to give widespread coverage across the chromosomal arms of the polytene chromosomes, including two sex-linked loci (Schemerhorn et al. 2009 ). Some primers were altered to increase the number of loci in pool-plexing, which is the combining of loci during genotyping (Table 1) . Polymerase chain reaction (PCR) was performed on each locus separately in 25-l reactions containing 2.5 l of 10X PCR buffer (Promega, Madison, WI); 1.5 l of 25 nM MgCl 2 (Promega), 5 M dNTPs (Promega); 0.75 U of TaqDNA polymerase (Promega); 1.0 l of reverse nonßuorescent primer (5 M) and 0.5 l of a ßuorescently labeled forward primer (10 M), labeled with one of three BeckmanCoulter dyes (Invitrogen, Carlsbad, CA); and 6 Ð25 ng template DNA. Cycling conditions were 95ЊC for 4 min, six cycles of 95ЊC for 1 min, 50ЊC for 1 min, 72ЊC for 1 min, 31 cycles of 95ЊC for 30 s, 50ЊC for 30 s, 72ЊC for 55 s, and a Þnal extension of 72ЊC for 30 min performed in an MJ Research DNA Engine Dyad thermal cycler (MJ Research, Watertown, MA). After ampliÞcation, products were pool-plexed into two groups of seven, adding 2 l of blue, 3 l of green, and 12 l of yellow and black dyed products. Genotyping mixes were made from 1-l aliquot of pool-plexes, 0.5 l of a 600 bp size standard (Beckman-Coulter), and 40-l SLS buffer (Beckman-Coulter). Genotyping then was performed using a Beckman-Coulter CEQ8000 per manufacturerÕs instructions, and sized with CEQ8000 software.
Genetic Analysis. To facilitate quick Þle preparation, the software Create (Coombs et al. 2008 ) was used for all applicable software. Genetic diversity was measured by calculating observed heterozygosity (H O ), mean number of alleles per locus, allelic richness, and NeiÕs unbiased average gene diversity (Nei 1987 ) across all loci for each collection. All calculations were performed in Microsatellite Toolkit (Park 2001), with the exception of allelic richness, which was performed in FSTAT v2.9.3 (Goudet 1995 (Goudet , 2001 ). Allele frequencies were summarized using MSA (Dieringer and Schlö tterer 2003) . Deviation from HardyÐWeinberg equilibrium was assessed by estimating the inbreeding coefÞcient F IS , calculated by a randomization approach in FSTAT v2.9.3, which applies a Bonferroni correction (Goudet 1995 (Goudet , 2001 . Because there was a signiÞcant deÞcit of heterozygotes for some populations (Table 2 ), each locus was tested for the potential presence of null alleles. MicroChecker was used to detect the presence of null alleles within the data set (van Oosterhout et al. 2004) , and FreeNA (Chapuis and Estoup 2007) was used to estimate the frequency of null alleles for each locus by using the method of Dempster et al. (1977) . Genetic differentiation was estimated by calculating pairwise matrices of F ST and R ST (Slatkin 1995, Michalakis and ExcofÞer 1996) , between all collection locations as computed in Arlequin v3.01 (ExcofÞer et al. 2005) . SigniÞcance was assessed with 10,000 permutations and Bonferroni-corrected P values were used. Because of the fact that null alleles were present in the dataset, a null allele adjusted F ST (F ST ENA ) was calculated in FreeNA (Chapuis and Estoup 2007) to be used as a conservative estimate of population differentiation, in place of F ST , for further landscape analysis.
A search for a recent population bottleneck was performed in Bottleneck (Piry et al. 1999) , which uses the heterozygosity excess method (Cornuet and Luikart 1996) to identify such bottlenecks. We employed a two-phase model with a 95% proportion of single-step mutations and a variance of 12, using the recommendations of Piry et al. (1999) . A Wilcoxon sign-rank test was used to evaluate the Bottleneck simulations for heterozygosity excess. A mode-shift test also was run to look for a distortion in the distribution of allele frequencies different than the typical L-shaped distribution, which indicates a bottleneck (Luikart et al. 1998) . Each test was run for each Hessian ßy collection as well as each population as deÞned by our clustering analysis (see Results).
To test if population genetic structure existed among collections of Hessian ßy, we performed three complementary Bayesian clustering analyses with Structure v2.2 (Pritchard et al. 2000 , Falush et al. 2003 ; Tess (Chen et al. 2007 , Durand et al. 2009 ); and Geneland v3.1.4 (Guillot et al. 2005b ). These three methods are similar in the implementation of a Bayesian clustering algorithm and use of a Markov Chain Monte Carlo method to identify the number of clusters (K), representing the number of populations, in a dataset. These three methods differ most greatly by the fact that Geneland and Tess use spatial data as a weak prior, to identify some of the subtle substructure (Guillot et al. 2005a ). Geneland and Tess differ in their spatial statistical models (Guillot et al. 2005a , Coulon et al. 2006 , Chen et al. 2007 . Despite the presence of null alleles in a couple of loci, all loci were used in assignment analyses. The reason for including all loci, especially the sex-linking loci, is to capture any possible evolutionary history connected with the sexlinked loci. This is because Hessian ßy has an unusual sex determination and the female X chromosomes are preferentially passed to the offspring Hatchett 1988, Benatti et al. 2010 ). In addition, these methods were designed for datasets with null alleles (Falush et al. 2007 , Guillot et al. 2008 , and although null alleles can inßuence the result of assignment testing, the overall outcome is not expected to change (Carlsson 2008) .
In Structure we searched for K ϭ 1Ð15 for three independent runs by using the admixture model and 1,000,000 MCMC iterations, with a burn-in of 250,000. We did not notice the plateau of log-likelihood values for K, indicating that the appropriate K had been reached, as seen by Pritchard and Wen (2004) , but instead a small, gradual increase without a greatly varying ␣, indicating convergence of the Markov chains. Therefore, we used the more robust K selec- tion statistic, ⌬K (Evanno et al. 2005) , to select the number of clusters most likely corresponding to the most probable number of genetic groups (populations) of Hessian ßy.
In Tess we searched for K ϭ 1Ð12 for three independent runs by using the admixture model and 100,000 MCMC iterations, with a burn-in of 25,000. Spatial information on Hessian ßy collections was based on general coordinates for each county, unless more speciÞc information was available. Like in Structure, upon plotting the Deviance Information Criterion (DIC), we did not notice a distinct drop that would indicate the likely value for K, as described in the software manual, but instead a small gradual decrease (Fig. 2) . For both Structure and Tess, CLUMPP (Jakobsson and Rosenberg 2006 ) was used to eliminate the effects of label switching and obtain an average assignment value for each individual before preparing Þgures by using Distruct (Rosenberg 2004) .
In Geneland, a search for the number of clusters, K, was set for K ϭ 1Ð15 for three independent runs of 10,000,000 MCMC iterations, thinning at a level of 10,000, for 1,000 independently sampled simulations per run, in total. Spatial information was the same as in Tess. Therefore, spatial uncertainty was set to 24 km, the approximate mean radius of the sampled counties, to account for any inaccuracy in collection coordinates. As a nuisance parameter, we also ran Geneland with an uncertainty of 0 and 50 km. For all runs, the maximum rate of the Poisson process was set to 500 and the maximum number of nuclei within the PoissonÐVoronoi tessellation was set to 1,500 based on suggestions by Guillot et al. (2005a) . After the number of subpopulations (K) had been selected, three independent replications were run with a Þxed K for population assignment of individuals, as suggested by Guillot et al. (2005a) . All other parameters were the same as those for the variable K.
Landscape Analysis. We used the Point Distance tool in ArcGIS 10.1 (ESRI 1999 Ð2006) to calculate the geographic distances in kilometers between collection coordinates (Fig. 1) . To test the possibility of population adaptation and structure driven by attributes of the landscape, we examined the relationship between genetic distance and differences in a suite of agricultural variables that could directly modify the Hessian ßyÕs environment (Table 3) . These variables could have great implication in adaptation, or at least isolation, of each population, and include the amount of preferred host (wheat) available, the amount of alternate host available, the incidence of planting crops early, and the minimum annual temperature. We used data from the 2002 National Agricultural Statistics Service (NASS) census (USDA 2002) for each sampled county to examine the Þrst three variables. These data are publicly available and have a response rate of 75Ð 80%, making them a useful tool when examining how agricultural practices differ across the United States. Wheat harvested for grain was selected to quantify the volume of the preferred host plant available. Tons of dry hay, cultivated and wild, were used to estimate the availability of alternative host plants in each county. Because planting dates of wheat were not available for the counties used in the current study, total cattle per county was used as a proxy for planting date and the control practice of "ßy-free" dates. If an area has emphasis on wheat as a forage crop, as opposed to a grain crop, wheat is more likely to be planted early (Hossain et al. 2003) . We assumed the greater the total number of cattle in any particular area, the more likely wheat grown in that area would be used as forage, planted earlier, and left vulnerable to Hessian ßy attack.
In addition to NASS variables, we examined the USDA Plant Hardiness Zone Map (Cathey 1990 ) to determine the minimum annual temperature (ЊC) reached in each sampled county. If a countyÕs boundaries included more than one hardiness zone, we calculated the mean minimum annual temperature in that county over all hardiness zones present. Minimum annual temperature can dictate the variety and abundance of alternative hosts in any particular area (Cathey 1990) , and the degree of resistance for some varieties of wheat (Cartwright et al. 1946, Ratanatham and Gallun 1986) .
We examined correlations between genetic and landscape variables for all 12 collection locations. We used simple Mantel tests to examine correlations between matrices of genetic distance and the log 10 of differences in Þve landscape variables: geographic distance, plus four others (Table 3) (Rousset 1997) . We assumed that a variable important to genetic structure would vary positively with genetic structure, meaning that as variable distance increases, so does genetic distance between populations. This assumption is similar to assumptions under an isolation by distance (IBD) model (Rousset 1997) . All Mantel tests were performed with the Isolation by Distance Web Service (Jensen et al. 2005) , with a one-tailed P value set to 0.01 to correct for the Þve tests being performed.
Population structure analyses indicated two major populations within the United States (see Results), so we performed additional analyses with the landscape variables. Rather than treating each county as a population, we grouped the two Texas counties (BrTX, McTX); the Missouri county (HoMS); and the Louisiana county (FrLA) into one western population and all other counties into a southeastern population. Comparisons between these two new populations would lead to only one set of distances being calculated, i.e., n ϭ 1, thus Mantel tests were no longer appropriate. Instead, we determined 100 sets of averages by using bootstrapping with replacement, where three counties were randomly selected and used to calculate averages for each landscape variable. No set of three counties was the same. We used all possible combinations of counties for the western population, as only four counties were included. We calculated differences in landscape variables between the four western population subsets and 25 southeastern population subsets. For these same sets of counties, we generated a custom Ruby script to randomly select 50 individuals from the counties in each subgroup. These individuals were used to calculate F ST and R ST in Arlequin v3.01 (ExcofÞer et al. 2005) , and used the genetic distance estimate of F ST /(1-F ST ) and R ST /(1-R ST ), respectively, to compare with the other variables. We used the Mean Center tool in ArcGIS 10.1 (ESRI 1999 Ð2006) to calculate the geographic center for each subset of counties, and the Point Distance tool to calculate geographic distances (km) between subsets. The distances calculated this way were not independent of each other. We used hierarchical cluster analysis with WardÕs linkage and squared Euclidean distance as a distance measure (PASW Statistics 18, Version 18.0.0; SPSS 2009) to explore which standardized distance values might be correlated with each other.
Results
Genetic Diversity. Basic population genetic summary statistics are presented in Table 2 . Estimates of the frequencies of null alleles were low, with the exception of HF70 and HF97. The higher frequency of null alleles for these loci might be because they are Cathey (1990) .
located on the sex chromosome X1. Males are hemizygous for the sex chromosomes, which would increase the frequency of observed homozygotes with each male analyzed (Stuart and Hatchett 1988) . More than half of the populations showed a signiÞcant deficit of heterozygotes. Some, but not all, of the deÞcits can be attributed to the two sex-linked loci. This is because of the overall consistency of F IS , after F IS was recalculated without the sex-linked loci (Table 2) . No evidence of a bottleneck for any collection or population was found. Genetic Structure. Population differentiation was estimated for all collections of Hessian ßy (Table 4) . Results for F ST showed a greater level of differentiation (mean pairwise value of 0.107 Ϯ 0.008 SE, range: 0.0073Ð 0.2701) than R ST (mean pairwise value of 0.049 Ϯ 0.004 SE, range: Ϫ0.0043Ð 0.1469) ( Table 4) . R ST returned fewer signiÞcant values compared with F ST . This may be because of R ST being more variable and less consistent than F ST , despite that R ST has been shown to be more descriptive of the data for microsatellites (Slatkin 1995 , Gaggiotti et al. 1999 , LugonMoulin et al. 1999 , Balloux et al. 2000 , Balloux and Lugon-Moulin 2002 . The differentiation between populations may be considered an overestimate because of the null alleles present in the data set, although using the ENA (excluding null alleles) adjusted F ST (F ST ENA ) produced by FreeNA, the mean pairwise value was 0.101 Ϯ 0.007 SE (Chapuis and Estoup 2007) .
Structure returned a gradually increasing likelihood, (ln(Pr(X 244 K)), with an increasing variance as K increased without any indications of a plateau as suggested by Pritchard and Wen (2004) (Fig. 2a) ; however, a plot of ⌬K revealed the highest ⌬K at K ϭ 2 (Fig. 2b) . Most southeastern collections fell into a single cluster, whereas the two collections from Texas fell solidly into a second, Western cluster. The collections from Mississippi and Louisiana contained mixed ancestry from both the Eastern and Western clusters, but had a greater assignment to the western cluster (Fig. 3) . Tess returned a gradually decreasing DIC as K increased, making selection of the most likely K difÞcult (Fig. 2c) . The clustering results of Tess and Structure were very similar, especially for the lower K values (Fig. 3) , also showing a greater assignment of Mississippi and Louisiana into a western cluster. Estimates of K from Geneland, based on the runs to infer strictly the number of clusters, returned a K ϭ 3 for all runs, except with the nuisance parameter of uncertainty at 50 km, for which K ϭ 2. After running Geneland to assign individuals to a cluster, all individuals were assigned either to cluster 1 or 2. Although a third cluster was found, no individuals were completely assigned to cluster 3 (Table 5 ). This represents the inßuence of an additional third population via limited gene ßow, not sampled in this study. Clusters from Geneland consisted of the two Texas collections, making up a western cluster, whereas all other collections fell into the southeastern cluster. Once again the Mississippi and Louisiana collections contained mixed ancestry from both the southeastern and western clusters, but this time had a greater assignment to the southeastern cluster. Although all clustering analyses grouped the two Texas collections into one population, there was disagreement between the analyses about which of the two populations the Mississippi and Louisiana collections belonged (Table 5 and Fig. 3) . For landscape analyses, we took a general consensus from the three clustering analyses, using two main clusters, a southeastern and a western cluster, with Mississippi and Louisiana assigned to the western cluster.
Landscape Results. Considering each collection as a distinct population, Mantel test results (Table 6) showed a signiÞcant positive correlation between R ST and difference in tons of dry hay in the county, whereas geographic distance was nearly signiÞcant. F ST ENA was not signiÞcantly correlated with any of the landscape variables tested. Therefore, no pattern of isolation by distance was found for Hessian ßy collection locations. When we considered the western population versus the southeastern population, our bootstrapping analyses indicated that F ST did not clearly cluster with any variable (Fig. 4a) , but that R ST clustered with difference between tons of dry hay and total number of cattle (Fig. 4b) .
Discussion
Population Structure. Regardless of the method used to examine genetic population structure in Hes- 
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ENVIRONMENTAL ENTOMOLOGY Vol. 40, no. 5 sian ßy populations, some structure does exist; thus, in this study we see no evidence of a single panmictic population of Hessian ßy from a single introduction of Hessian ßy into North America. This indicates that either there have been multiple introductions of Hessian ßy into North America, or enough time has passed since the single introduction event for populations to have diverged, adapt locally, or both. A combination of these two scenarios is also possible.
Results from Structure and Geneland indicated two populations of Hessian ßy in the Southeast, although Geneland found a subtle third population in the area (Table 5 ). The number of likely clusters from Tess was inconclusive. Bayesian clustering analyses have been shown to detect an upper limit of population structure; thus, undetected population substructure could be possible (Evanno et al. 2005, Waples and Gaggiotti 2006) .In addition, the number of populations may be underestimated because of irregular spatial sampling (Guillot and Santos 2009 ). There are a few potential physical barriers to gene ßow. One is the natural break of the Mississippi River; however, this seems unlikely as the Mississippi and Louisiana collections always cluster into the same population. Another is proximity to the coast; however, this is unlikely as our Georgia collection is of comparable distance inland to our Texas collections. Wheat region, or the propensity for some regions to grow similar classes of wheat, has been suggested as a natural division between Hessian ßy populations (Black et al. 1990 ). This is a feasible barrier, yet it remains untested in the current study because of a lack of county speciÞc data on wheat class (G. Vocke, personal communications). In the case of Hessian ßy, migration seems to be great enough that it can maintain some level of gene ßow across several states. Despite some regional gene ßow, each collection still has a high level of isolation based on F ST ENA /R ST (Table 4) and clustering results (Fig. 3) . This has great implications, not only in the evolution of Hessian ßy in North America, but also in control of this wheat pest. Local restricted gene ßow also would enhance the prevalence of homozygous recessive alleles, which confer virulence, and thus increase the number of virulent Hessian ßy phenotypes. Such large populations indicate that any control strategies must be implemented on a large scale to have enduring effects, yet because of reasonably high F ST ENA values, localized control efforts would not be in vain.
Our Þndings establish that the upper level of population structure in the southeastern United States is between a southeastern population and a western population; although high differentiation between collections within a population, e.g., HoMS (Table 4) , supports the suggestion of restricted local gene ßow within the region and corresponds with previous Þnd-ings of Black et al. (1990) based on allozyme loci. This work provides additional resolution to previous work on mitochondrial 12S haplotypes (Johnson et al. 2004) . One example is in Þnding both North Carolina collections fell into the eastern population, and continued to cluster with other eastern populations beyond K ϭ 2 (Fig. 3) , despite a dominant haplotype differing from other collections in the southeastern population. This result demonstrates that in Hessian ßy, there may be a discrepancy between mitochondrial and nuclear markers revealing slightly different evolutionary histories, as seen in other insects (Gomez-Zurita and Vogler 2003, Polihronakis 2010) .
If Hessian ßies were introduced in the east, then progressed west, we would expect to see some indication of a founder effect, such as evidence of a bottleneck, a reduction of heterozygosity, or a reduction in the number of alleles in our current study. We also would not expect any private alleles to be present in the western population, because of reduced allelic or genetic diversity during the initial stages of colonization of an organism. In this study we did not Þnd evidence of a bottleneck, but as this is an old pest, enough time may have passed that the effect of a bottleneck is no longer detectable. We do observe both a reduction in heterozygosity and the number of alleles in the western population, showing some support for a westward migration (Table 2) . Although there are some private alleles present in the western population ( Fig. 5 and Table 2), they are few compared with the southeastern population and could be the result of gene ßow with a population not sampled in this study. These Þndings are consistent with mitochondrial data (Johnson et al. 2004) , based on the nearly complete dominance of 12S haplotype 1 in Black et al. (1990) , but are contrary to what might be expected from a sessile, host-dependent ßy that has limited ability to actively migrate (McColloch 1917 , Withers et al. 1997 . When treating each collection as a population, tons of dry hay, cultivated and wild, used as a proxy for the availability of alternative host plants in each county had a strong positive, signiÞcant correlation with R ST . Tons of dry hay also was related to R ST when we examined distances between the western population and the southeastern population, as was number of cattle. NASS-collected estimates of tons of dry hay and number of cattle are both higher in the western population than in the southeastern population. The hay mix may contain volunteer wheat, which is known to be an interim host for Hessian ßy (Buntin and Chapin 1990) , as well as alternative host plants, which could signiÞcantly contribute to Hessian ßy population structure. The high number of cattle in the western population could indicate that most wheat planted would have the dual purpose of forage and grain, contributing to earlier availability of the preferred host plant. This result indicates that the "ßy-free" cultural control strategy can impact the evolution of Hessian ßy populations.
So, has Hessian ßy locally adapted based on correlations between genetic differentiation and spatial variables? Local adaptation in Hessian ßy could result from the gene-for-gene interaction with its host plant, temperature, the local cultural control practices, or the local alternative hosts. The lack of isolation by distance and the signiÞcant correlation to only one or two variables may signal that Hessian ßy populations are not locally adapted, or minimally so. Because Hessian ßy is an agricultural pest, the agricultural variables we examined are relevant for our study in this agroecosystem. If there were an ecological or spatial component to population structure, then one or several variables would show signiÞcance regardless of the distance measurement. We do show weak evidence of a spatial variable inßuencing population structure, but the lack of congruence between the two genetic distance metrics leads us to hesitancy in implicating these variables as a strong inßuence in population structure. It is possible that Hessian ßy populations are locally adapted to alternative host plants, cattle, or both, representing planting date, but neither seem to be as dominant a variable as we might expect if they were to drive population structure. If local adaptation is not a driving factor in population structure, then drift may be playing a large role in the evolution of Hessian ßy populations, as also suggested by Black et al. (1990) . A lack of local adaptation in Hessian ßy would not be surprising and corresponds well with the results of Gandon and Michalakis (2002) , which showed a short generation time of a parasite relative to a host, coupled with strong selection pressures from a host, can decrease the capabilities of a parasite to locally adapt. This scenario Þts the interaction in the wheat-Hessian ßy system. Perhaps in an agricultural pest, where intense human manipulation can change the habitat so quickly, it is evolutionarily disadvantageous to be locally adapted.
The results of this study show that Hessian ßies in the southeastern United States do exhibit population structure. Populations are such that they occupy several states, though each collection site within a population maintains some degree of genetic differentiation. The genetic diversity statistics presented here lend support to a westward migra- tion, whereas the landscape analysis shows that availability of alternate hosts and wheat planting date, both human-manipulated variables, may be important ecological factors. However, the lack of a strong spatial or ecological component coupled with high within population differentiation indicates that drift likely plays an important part in population structure. The current study gives insight into the evolution of a pest insect population and suggests populations of the historically well-known pest, the Hessian ßy, cover large areas with limited inßuence by ecological or spatial factors.
